Sponges are important components of temperate rocky reefs whose abundance and diversity are influenced by a range of biological and physical factors. In high light environments, sponges are generally less abundant and are often restricted to shaded microhabitats. However, this generalisation stems primarily from research conducted in the northern hemisphere, with comparatively little information from the southern hemisphere. The aim of the present study was to examine correlations between sponge abundance and assemblage composition and between algal abundance and environmental variables. We measured the distribution patterns of sponges relative to macroalgal abundance, physical factors (including depth, surface inclination, turbidity, rugosity and temperature) and the abundance of other phyletic groups at multiple sites in New Zealand. A negative correlation was found between sponge abundance and algal abundance, with surface inclination strongly correlating with the distribution patterns of both groups. Our results support the generalisation from previous studies in the northern hemisphere that sponge and algal abundance are negatively correlated.
INTRODUCTION
Sponges are abundant components of rocky benthic communities in temperate (Ayling 1983 , Bell & Barnes 2000a ), tropical (Diaz et al. 1990 , Diaz & Rützler 2001 , Bell & Smith 2004 , de Voogd et al. 2009 ) and polar regions (Dayton et al. 1974 , Barthel et al. 1991 , Sarà et al. 1992 , Teixidó 2003 ) whose abundance patterns are strongly influenced by a range of biological and physical factors. For example, the distribution and abundance patterns of sponges are strongly influenced by depth (Bell & Barnes 2000d) , water flow (Bell & Barnes 2003) , sedimentation (Carballo 2006) , predation (Ayling 1981) , salinity (Roberts et al. 2006) , nutrient concentrations (Wilkinson & Evans 1989) , substrate type and angle (Bell & Barnes 2000b) , and turbidity (Zea 1994) . In addition, a num-ber of these earlier studies suggest that these factors can indirectly influence sponges through their effects on other organisms; for example, light influences the abundance of algae, a potential spatial competitor of sponges. Separating the relative importance of these different factors remains challenging, and far less is known about how biological factors influence sponges compared to physical factors, particularly in the southern hemisphere.
Although sponges are dominant in many habitats, they are often restricted to the undersides of boulders or shaded surfaces in high light environments where macroalgae are abundant (Baynes 1999 , Irving & Connell 2002 , Konar & Iken 2005 . Several authors have tried to clarify the spatial relationships between sponges and algae and have examined correlations between these 2 groups. For example, Bell & Barnes (2000a,b) proposed that the higher diversity of sponges on vertical surfaces, compared to horizontal surfaces, was a result of reduced light intensity, resulting in reduced algal abundance. Furthermore, these authors also found strong correlations between depth and sponge abundance; where algal abundance declined, sponge abundance increased. Bell (2002 Bell ( , 2007 suggested that such negative correlations between sponges and algae might be explained by sponges only being able to persist in areas that are unsuitable or less suitable for algae or by sponges preferring habitats that are less favourable for algae (i.e. low light). Konar & Iken (2005) proposed that the dominance of algae over sponges on the tops of boulders was the result of micro-habitat differences among surface orientations, including differences in sediment load and light intensity, preventing sponges from occurring on horizontal surfaces (Wilkinson & Vacelet 1979 , Maldonado et al. 2008 . More recently, Preciado & Maldonado (2005) found that substratum inclination strongly correlated with sponge and algal distribution patterns, suggesting that substratum inclination was the main factor structuring sponge assemblages in the shallow waters of the Mediterranean. These authors found that sponges were mostly restricted to overhangs, where factors considered to be detrimental to sponges (e.g. high light and high sedimentation) are reduced (Wilkinson & Vacelet 1979 , Jokiel 1980 , Ginn et al. 2000 , Roberts et al. 2006 . However, in contrast to these results from northern hemisphere studies, no correlation was found between sponge and macroalgae abundance in rocky reefs on the south-east coast of Australia (Knott et al. 2004) .
While there has been comparatively less study of the correlations between sponge and algal abundance in the southern hemisphere, the information that is available for correlations between sponges and algae seems to contrast with that from the better studied northern hemisphere. Therefore, the aims of our study were to: (1) re-examine the correlations between sponge abundance and distribution patterns with algal abundance and other environmental variables at study sites in the southern hemisphere; and (2) consider the specific influence of depth and surface inclination on sponge abundance and assemblage structure because these 2 variables are also likely to influence algal abundance.
MATERIALS AND METHODS

Study sites
Subtidal surveys were carried out at 7 sites along the south coast of Wellington and at Kapiti Island on the coast of North Island in New Zealand. Study sites on the coast of Wellington included Breaker Bay, Barrett Reef, Palmer Head, Princess Bay and The Sirens Rocks; the 2 sites studied at Kapiti Island were Trig Point and Kaiwha ra wha ra Point (Fig. 1) .
The Wellington coast sites were chosen to represent a wide range of different environmental and biological characteristics, enabling us to determine which factor or combination of factors best explained sponge spatial distribution patterns. The sites were characterised by the presence of relatively continuous bedrock and steep walls. The Wellington coast is an energetic environment that is subjected to regular southerly swells that move onto the Wellington shelf > 80% of the time (Carter & Lewis 1995) . The algal assemblage is mainly dominated by Ecklonia radiata and a mixture of Carpophyllum spp., Lessonia variegata and Landsburgia quercifolia (Shears & Babcock 2007) . The understory is dominated by crustose coral line algae (CCA), and the overall abundance of sessile invertebrates has been reported to be low (Shears & Babcock 2007) . Nevertheless, recently Berman & Bell (2010) reported a diverse sponge as semb lage in this region, where sponge cover ex ceeds 50% of the substratum at some sites. Kapiti Island is located off the west coast of the North Island of New Zealand, ~50 km north of Wellington. Our study sites were located on the west coast of the island and are exposed to relatively strong tidal currents and regular strong north-westerly or south-westerly winds (Chiswell & Stevens 2010) . The area is characterised by an extensive boulder reef and larger blocks of bedrock (Baxter 1987) . The habitats are do minated by a mixed Ecklonia radiata/Carpo phyllum spp. forest in the shallow zone and forest consisting of only E. radiata in the deeper zone (below 10 m). The understory contains a rich community of turf algae, bryozoans, sponges and ascidians (Battershill et al. 1993 , Shears & Babcock 2007 .
Sampling
Surveys were conducted by SCUBA at 2 depths (5 and 15 m) at each site. Breaker Bay and The Sirens Rocks were only surveyed at 5 m because of the absence of rocky reefs below 10 m. At each depth, a series of five 0.25 m 2 quadrats were haphazardly placed on the benthos and photographed with a digital camera (all sites had similar levels of available vertical, horizontal, inclined and overhanging surfaces). Quadrats were photographed in 2 layers: cano py (first layer) and understory (second layer). Quadrats were subdivided into 4 smaller sections to improve the level of resolution for the different groups of organisms. Each quarter was photo graphed, first with the canopy in place and then after the canopy was moved aside, and the picture quality enabled even the smallest sponge patches (<1 mm) to be identified. Depth was measured using a dive computer (UWATEC Smart Pro). Additional information was collected for each quadrat, including inclination, rugosity and orientation with respect to the dominant swells (as a surrogate of exposure). The inclination angle was categorised into horizontal (~0°), inclined (~45°), vertical (~90°) and overhanging surfaces (~125°). The rugosity was estimated in situ by measuring the bottom contour distance between the corners of the quadrat. Subsequently, a rugosity index was estimated based on the ratio of the measured bottom contour distance and the straight-line distance between the extremes of the quadrat (70 cm). The orientation of each quadrat (with respect to dominant swells) was included as an ordinal categorical variable: sheltered (for quadrats facing W-NE) = 0; semi-exposed (ENE-E) = 1; exposed (SE-SW) = 2. At each site, physical variables of the water column were recorded at both depths with a CTD (RBR XR-420). Variables included turbidity, temperature, salinity, conductivity and chlorophyll (Table 1) .
Each photo-quadrat was analysed with CPCe v3.5 (Coral Point Count with Excel extensions; Kohler & Gill 2006) by superimposing a grid of points onto each picture. The percentage cover of the first layer (canopy) was measured, and then the cover of the second layer containing the sponges, macroalgae (erect non-calcareous algae), coralline algae (erect and encrusting), other encrusting organisms, bare rock and settled sediment was estimated in each quadrat. Settled sediment was estimated as the area of rock surface covered in sediment in each picture. Organisms were placed in the following categories: Porifera, Hydrozoa, Anthozoa, Polychaeta, Bryozoa, Ascidiacea, Rhodophyta (erect non-calcareous algae), Chlorophyta, Phaeophyta and CCA. Abiotic categories included bare rock and sediment. Percentage cover estimates were made for each category/ taxon. All taxa in the photo-quadrats were identified to the lowest taxonomic level possible. A grid of 100 points was superimposed over each photo-quadrat to estimate canopy cover, and 100 points were used for each section of the quadrat (4 for each quadrat) to estimate the cover of the understory (400 points in total).
Data analysis
The number of sponge taxa was estimated for each quadrat, and mean values were obtained for each site. To estimate the mean number of sponge species for the different surface inclinations, the number of species per quadrat, for each inclination, was combined to obtain a mean value for each surface inclination across all sites for each depth. Differences in the mean number of species between sites (7 levels, random), depth (2 levels, fixed) and surface inclinations (4 levels, fixed) were tested using a permutational ANOVA (PERMANOVA) (Anderson 2001) .
The percentage cover of organisms, bare rock and settled sediment were averaged across quadrats for comparisons among sites (n = 8 per site as there were 2 depths, except for those sites where only 5 m was sampled; see 'Sampling'). The same routine was undertaken for comparisons among depths (n = 5 per depth) and surface inclinations (n horizontal = 19; n inclined = 12; n vertical = 22; n overhanging = 12 as data was combined across all sites). Percentage cover data were double square root transformed to downweigh the influence of extreme values (i.e. rare and very abundant species); this enabled us to test for differences in cover between sites, depths and inclinations. PERMANOVA (Anderson 2001 ) based on a Bray-Curtis similarity matrix (Bray & Curtis 1957) was performed to test for differences in assemblage structure among these a priori factors. This test was used because the data did not meet the assumptions of normality and equal variance, even after transformation. Factors considered in the analysis were site (5 levels, random), depth (2 levels, fixed) and inclination (4 levels, fixed). Statistical differences were tested using 9999 permutations under a re duced model. PERMANOVA tests were ap plied to the full dataset to examine multivariate patterns at the category level. PERMANOVA tests were also used to examine differences in the percentage cover of the dominant benthic groups (treated as univariate measures) between sites, depths and inclinations. All procedures were conducted within PRIMER v6 (Clarke & Gorley 2006 , Anderson et al. 2007 .
Scatterplots were used to visualise the relationships among sponge, CCA and algal abundance (separated into canopy and understory), and the curve fitter option in the software SlideWrite v5 (Ad vanced Graphics Software 1999) was used to fit linear and non-linear functions to plots to determine the best fit to the data. The curve fitter function fits 40 different linear functions and 60 different non-linear functions (10 exponential, 25 power and 25 poly nomial) to each scatter plot. For the non-linear functions, the method employs the Levenberg-Marquardt algorithm in an unconstrained optimisation approach to estimate the coefficients of the equation (Ad vanced Graphics Software 1999).
To analyse the relationship between the percentage cover of benthic organisms and the different environ mental factors and biological groups, an ordination method was applied using CANOCO v4.5 (ter Braak & Smilauer 2002) . Two ordination analyses were performed to test the relationship between organisms and environmental variables. The first analysis was for the whole data set to analyse the overall community at the category level, and the second analysis included sponges at species level. To downweigh the influence of rare species, the cover data were double square root transformed. The en vironmental and biological variables used in the analysis were inclination, depth, orientation, turbidity, rugosity, water temperature, salinity, conductivity, percentage cover of CCA, percentage cover of canopy algae (first layer), algal understory (erect algae-second layer) and percentage of settled sediment on the substrate. De trended canonical correspondence analysis (DCCA) was conducted to calculate the gradient length. DCCA yielded a short gradient (> 3) for both cases, and a redundancy analysis (RDA) was then applied (ter Braak & Smilauer 2002 , Leps & Smilauer 2003 . A Monte-Carlo test was used to test the statistical significance of the first axis and all canonical axes combined using 9999 permutations under the re duced model. Automatic selections of variables were used to identify the 5 most significant variables. The variance inflation factors (VIF) were used to assess linear dependencies among the variables. Variables with a VIF < 5 were maintained in the ana lysis. RDA results were represented graphically in a scaling bi-plot (2dimensional ordination), focusing on inter-species 
RESULTS
Sponge species richness
The mean (± SE) number of taxa per quadrat varied be tween sites (PERMANOVA, p < 0.05; Table 2 ); the lowest value was observed at Princess Bay (3.6 ± 1.00) and the highest at Breaker Bay (13.5 ± 1.32), with the latter site significantly different from the majority of the other sites ( Fig. 2a ). Although the area sampled by each quadrat was small (0.25 m 2 ), the high values obtained for species richness suggest that quadrat size did not significantly bias our sampling. No differences were found in the number of taxa per quadrat between depths (PERM ANOVA, p > 0.05). The number of taxa per quadrat ranged between 6.9 (± 0.92) at 15 m and 7.9 (± 0.92) at 5 m. The mean number of taxa per quadrat varied significantly between surface inclinations (PERM ANOVA, p < 0.05; Table 2 ), ranging from 2.92 (± 0.57) on horizontal surfaces to 13.3 (± 0.92) on overhanging surfaces (Fig. 2b) . In most cases, the species richness differed between inclination types (Fig. 2) .
Distribution patterns of benthic organisms
The mean (± SE) percentage cover of CCA differed among sites (PERMANOVA, p < 0.05) and was greatest at Palmer Head (53.7 ± 4.4%) and lowest at Trig Point (21.4 ± 4.5%). Red erect algae (Rhodophyta) was most abundant at Barrett Reef, with a mean percentage cover of 17%, while Phaeophyta was most conspicuous at Kapiti Island sites, with ~14% cover; differences among sites were significant (Table 3) . Chlorophyta abundance was generally low and was only abundant at Princess Bay and The Sirens Rocks (Fig. 3a) . Sponges were the most conspicuous sessile invertebrates; their mean percentage cover was significantly different among sites (Table 3) , being highest at Trig Point (20.6 ± 3.0%) and lowest at Princess Bay (3.9 ± 1.4%). Sponge cover was also high at The Sirens Rocks and Breaker Bay in Wellington (Fig. 3a) , where both sites were characterised by the presence of steep-walled channels. Differences in community structure were found among sites (PERMANOVA, p < 0.001; Table 4 ) and types of surface inclinations; there was also a significant interaction between site and depth (PERM -ANOVA, p < 0.05; Table 4 ), meaning that the effect of depth varied among sites. There was a significant effect of depth at Barrett Reef, Princess Bay and Kai wha rawhara Point (PERMANOVA, p < 0.05) but not at Palmer Head and Trig Point (p > 0.05). The greatest differences in community structure were observed between Trig Point at Kapiti Island and most of the sites on the Wellington south coast, except Breaker Bay, which was more similar to the sites studied at Kapiti Island than the sites located in Wellington. Per centage cover of sponges, CCA and red erect algae varied between depths (PERM -ANOVA, p < 0.001), where as no differences were found in the cover of Phaeo phyta and Chlorophyta (PERM ANOVA, p > 0.05; Table 3 ).
We also found significant differences in sponge percentage cover (mean ± SE) on different surface inclinations, ranging from 5.5 ± 2.0% on horizontal surfaces to 38.8 ± 5.8% on overhanging surfaces (PERM ANOVA, p < 0.001; Table 3 ). In contrast, the cover of erect algae decreased with increasing inclination, having the lowest abundance on overhangs (PERM ANOVA, p < 0.001; Fig. 3b ). CCA had lowest abundance on inclined surfaces (42.8 ± 6.44%) and highest abundance on overhangs (13.7 ± 7.67%; PERM ANOVA, p < 0.05). Canopy cover was greatest at Palmer Head, with 89 ± 3.3% cover at 5 m and 39 ± 11.2% at 15 m. Sites at Kapiti Island showed the same pattern of decreased canopy cover with depth. The most important canopy-forming species were Ecklonia radiata, Lessonia variegata and Carpo phyllum maschalocarpum.
When sponge abundance was correlated with algal cover and canopy cover, an exponential relationship was observed in both cases (Fig. 4) . However, the lat-ter correlation was weak (r 2 = 0.387, p < 0.001). Nonetheless, when sponge cover was correlated against canopy cover (first layer), a significant negative correlation was found (r 2 = 0.546, p < 0.001). Linear relationships fitted to both data sets were much weaker than those for the exponential relationships (0.1 and 0.3, respectively). No relationship was found between percentage cover of sponges and CCA (r 2 = 0.1934, p > 0.05; Fig. 4c ). When sponge cover was plotted against canopy, algal and CCA abundance for each individual inclination type, no significant correlations were found in most cases, except for sponge coverage versus canopy cover and algal abundance on inclined surfaces (r 2 = 0.9286 and 0.9283, p < 0.001, respectively).
Relationships between algal abundance, environmental variables and benthic assemblages
The variation in community composition relative to the different environmental variables is shown in Fig. 5a . The first 2 axes accounted for 64.4% of the variation in the community structure. The Monte-Carlo test results showed that the first and all canonical axes were significant (p = 0.001). The most important variables were inclination, percentage cover of CCA, canopy cover, percentage cover of settled sediment and algal abundance. The RDA showed that the community com position of encrusting invertebrates was positively correlated with surface inclination and not with the other variables. Sponges were positively correlated with surface inclination, especially with vertical and overhanging surfaces. The RDA generally confirmed the results of the correlation analysis in identifying a significant negative correlation between sponges and the algal canopy; however, it also showed a negative correlation between sponges and CCA, which was not observed using the correlation analysis.
Analysis of the sponge assemblages showed how different sponge taxa correlated with the different environmental and biological variables (Fig. 5b) . According to the Monte-Carlo tests, the first and all canonical axes were significant (p = 0.001). The first 2 axes accounted for 19.0 and 22.8% of the variation in the species data, respectively, and both axes accounted for 84.5% of the variance of the speciesenvironment relationships. The first axis was determined mainly by canopy cover (r = −0.61), inclination (r = 0.56) and CCA (r = −0.49), and the second axis was determined by algal abundance (r = −0.43). The RDA showed that most taxa were highly correlated with inclination. The majority of sponge taxa were negatively correlated with algal ca no py cover (first layer), and algal understory and CCA, whereas a few species, such as Polymastia crocea and Ha li clona sp. Table 4 . PERMANOVA based on a Bray-Curtis similarity matrix, testing the effect of site (5 levels, random), depth (2 levels, fixed) and inclination (4 levels, fixed) on the overall community. Statistical differences were tested using 9999 permutations under a reduced model. *p < 0.05, **p < 0.001 Fig. 4. (a) Relationship between sponge and canopy cover per quadrat (y = 35.2678 × exp −0.0296x , r 2 = 0.546, p < 0.001). (b) Relationship between sponge and macroalgae cover per quadrat (y = 35.3829 × exp −0.0799x , r 2 = 0.387, p < 0.001). (c) Relationship between sponge and crustose coralline algae (CCA) cover per quadrat (y = exp 0.0415x , r 2 = 0.004, p < 0.001). Curves were fitted by the SlideWrite curve fitter (Advanced Graphics Software 1999). Scale for x-axis differs among panels 2, were positively correlated with these variables. The settled sediment cover on the substratum negatively correlated with the abundance of the majority of the sponge species, with most being associated with low levels of settled sediment. Some species, such as Tedania sp., Osca rella lobularis and the calcareous sponges Clathrina spp. and Leucosolenia echinata, were more abundant on vertical and overhanging surfaces.
DISCUSSION
Supporting previous studies from the northern hemisphere, we found that sponge abundance and richness were strongly correlated with surface inclination. We also found a negative correlation between sponge abundance and the abundance of erect algae, CCA (note that this was only based on the result of the RDA) and especially algal canopy cover. A considerable number of sponge species (> 80%) were strongly positively associated with the degree of surface inclination and turbidity and negatively correlated with the percentage of canopy, CCA and erect algal cover. In contrast, only a few sponge species were positively correlated with algae. This is in contrast to what was reported for the Mediterranean by Preciado & Maldonado (2005) , where a higher proportion of species were strongly correlated with algal abundance.
Despite the overall negative correlation between sponge and algal abundance that we observed, some individual species showed the reverse pattern. It is possible that some sponge species, such as Polymastia spp. and Haliclona sp. 2, might be adapted to high light habitats that are generally dominated by fastgrowing algae. Turon et al. (1998) found that growth rates were higher for sponges inhabiting high-light habitats compared to shaded habitats in the western Mediterranean. These authors argued that these sponge species have an opportunistic strategy in such habitats, which are dominated by fast-growing algae that might outcompete the sponges when space is limited, as the sponges are able to colonise the patches of bare substratum that frequently become available when algae die (because algae tend to be short lived).
The low explanatory value obtained when overall sponge cover was correlated with algal and CCA cover is most likely a result of the high variability recorded in the sponge cover, as we considered sponges as a single group, rather than constituent species. This problem could explain why other au - Kennelly (1987 Kennelly ( , 1989 ) did not find any relationship between shade or scour produced by Ecklonia radiata on the growth and abundance of the sponge Myxilla sp. in Australia. However, Eckman & Duggins (1991) found that higher sedimentation rates existed beneath kelp canopies in Washington (USA), but this did not result in higher mortality of Myxilla sp.; however, these authors also found that sediment de position negatively affected the sponge's growth (noting that their study organisms had been collected from a sediment-free environment). Thus, the probability of finding a negative effect of light and sedimentation were highly likely because it has been demonstrated that both factors may be detrimental for some species (Jokiel 1980 , Maldonado et al. 2008 . In contrast, some sponge species appear to be positively influenced by conditions (e.g. shade and sedimentation) that occur un derneath the canopy (Smith 1996, Bulleri et al. 2002) .
The effect of surface inclination on sessile organisms has been considered extensively (Barnes 1995 , Turon et al. 1998 , Baynes 1999 , Bell & Barnes 2000b ,c, Maughan & Barnes 2000 , Bell 2001 , Irving & Connell 2002 , Knott et al. 2006 , Walker et al. 2007 ). Generally, sessile invertebrates are more abundant on vertical and overhanging surfaces compared to inclined and horizontal surfaces (Witman & Sebens 1990 , Baynes 1999 , Irving & Connell 2002 , Konar & Iken 2005 . Different surface inclinations have been previously correlated with differences in the composition and diversity of sponge assemblages (Bell & Barnes 2000b ,c, Bell & Smith 2004 as well as the growth of some species (Knott et al. 2006) . Our results support these previous studies and highlight the importance of small-scale environmental variability in influencing sponge assemblage structure. These differences between surface inclinations may be explained by the different levels of disturbance (e.g. from sedimentation) occurring on horizontal compared to vertical or overhanging surfaces, which may affect sponge species and especially competition between sponges and algae (Bell & Barnes 2000b ). Algal whiplash effects will also differ among surface inclinations (see Konar & Estes 2003) as algal abundance is reduced, which could affect the settlement of sponges. Despite the potential for algalsponge interactions to cause the patterns we reported, Maldonado & Young (1996) suggested that the dominance of sponges on vertical and overhanging surfaces at bathyal depths, where light and macroalgae do not occur, demonstrate that factors other than competition with macroalgae are responsible for these patterns. However, we believe that in shallow water, competition with macroalgae cannot be discarded as an important factor influencing the distribution of sponges.
Depth has been considered an important factor influencing sponge distribution patterns (Wilkinson & Evans 1989 , Diaz et al. 1990 , Witman & Sebens 1990 ) through its relationship with physical factors, particularly light, the degree of disturbance from wave action and sedimentation (Wilkinson & Evans 1989) , and its impact on algae as a sponge competitor. Our results showed a significant interaction between site and depth, with depth being important to explain differences in community structure at 3 sites. However, the effect of depth was less important than other physical variables measured at our study sites (e.g. sedimentation).
In conclusion, sponge abundance was negatively correlated with algal abundance, which is consistent with a number of previous studies carried out in northern latitudes, but contradicts findings from an earlier study in the southern hemisphere. Nevertheless, we acknowledge that we have only demonstrated a correlation between these groups, and further manipulative experimental approaches are needed to critically identify the factors and mechanisms explaining the interactions occurring between sponges and the algal canopy. The distribution and abundance of sponges cannot be attributed to substratum inclination alone because this factor also affects algae. In fact, several physical factors, including inclination and settled sediment, as well as biological factors (including the abundance of canopy forming species, erect algae and CCA) correlate with the spatial distribution and abundance of sponge assemblages at our study sites. 
